Radiation therapy of the CNS, even at low doses, can lead to deficits in neurocognitive functions. Reduction in hippocampal neurogenesis is usually, but not always, associated with cognitive deficits resulting from radiation therapy. Generation of reactive oxygen species is considered the main cause of radiation-induced tissue injuries, and elevated levels of oxidative stress persist long after the initial cranial irradiation. Consequently, mutant mice with reduced levels of the mitochondrial antioxidant enzyme, Mn superoxide dismutase (MnSOD or Sod2), are expected to be more sensitive to radiation-induced changes in hippocampal neurogenesis and the related functions. In this study, we showed that MnSOD deficiency led to reduced generation of immature neurons in Sod22/+ mice even though progenitor cell proliferation was not affected. Compared to irradiated Sod2+/+ mice, which showed cognitive defects and reduced differentiation of newborn cells towards the neuronal lineage, irradiated Sod22/+ mice showed normal hippocampal-dependent cognitive functions and normal differentiation pattern for newborn neurons and astroglia. However, we also observed a disproportional decrease in newborn neurons in irradiated Sod22/+ following behavioral studies, suggesting that MnSOD deficiency may render newborn neurons more sensitive to stress from behavioral trainings following cranial irradiation. A positive correlation between normal cognitive functions and normal dendritic spine densities in dentate granule cells was observed. The data suggest that maintenance of synaptic connections, via maintenance of dendritic spines, may be important for normal cognitive functions following cranial irradiation. 
Introduction
Radiation therapy is commonly used in the treatment of malignant brain tumors, and although effective, the dose that can be administered safely is limited due to potential injury to normal tissues [1, 2, 3, 4] . Radiation injury to the brain can involve multiple regions and a variety of cell/tissue types, leading to variable degrees of motor and cognitive dysfunctions [4] . The extent of injury is also influenced by a large number of physical and biological factors [2, 3] . Although there are considerable data available describing the various morphological outcomes in tissues following high and low radiation doses, the pathogenesis of these changes remains unclear.
Studies with experimental animals and humans suggest that the production of new neurons, (i.e. neurogenesis) continues in limited brain regions throughout the entire adult life [5, 6, 7] . Notably, adult neurogenesis occurs in the subgranular zone (SGZ) of hippocampal dentate gyrus and the process is important for hippocampal-dependent learning and memory [8, 9, 10] . However, hippocampal neurogenesis is exquisitely sensitive to irradiation and other stressors [11, 12] . Consequently, cranial irradiation therapy can have a strong negative impact on hippocampal neurogenesis and its associated functions of learning and memory.
The generation of reactive oxygen species (ROS) is considered a main cause of radiation-induced tissue damage [13] . Ionizing irradiation not only results in the acute generation of short-lived reactive oxygen species (ROS), it also results in a persistent state of oxidative stress that extends up to several months or even years after irradiation [14, 15, 16] . Altered levels of ROS are capable of influencing neuronal stem cell proliferation and differentiation [17, 18, 19, 20, 21] as well as synaptic plasticity and long-term potentiation [22, 23, 24] . Consequently, irradiationinduced alterations in hippocampal neurogenesis and synaptic plasticity are strongly implicated in cognitive impairments [2, 3, 4] . Unfortunately, there are no known effective treatments available that will help prevent the losses in adult neurogenesis and cognitive declines seen post-irradiation. Therefore, it is imperative to understand the molecular mechanisms of how oxidative stress regulates hippocampal neurogenesis and synaptic plasticity and, ultimately, learning and memory behaviors in response to radiation therapy.
Research is now starting to focus on manipulating the innate response mechanisms in neuronal precursor cells that respond to the effects of ROS. These mechanisms include the antioxidant enzyme superoxide dismutase (SOD). There are three genetically and geographically distinct isoforms of SOD, and all of them contribute to the conversion of superoxide anions to hydrogen peroxide. Hydrogen peroxide can then be catalyzed by peroxidases. Mn superoxide dismutase (MnSOD or Sod2) is one of the SOD isoforms and is located in the matrix of mitochondria. High levels of MnSOD have been shown to be protective against radiation damage, and induction of MnSOD has been implicated in radiation-induced adaptive response [25, 26] . In recent years, MnSOD-based and Mn porphyrin-based therapeutic approaches have been designed/formulated to prevent radiation therapymediated damage to normal tissues [27, 28, 29, 30, 31, 32] . The effective protection has been demonstrated in esophagus, lung, oral cavity, small intestine, and also in whole body irradiation [27, 29, 30, 31, 32, 33, 34, 35, 36] . Because the bulk of ROS from normal cellular metabolic process is generated in the mitochondria, MnSOD plays an important role in the maintenance of normal mitochondrial functions and mitochondria structural integrity. Consequently, mutant mice with complete absence of MnSOD suffer from severe mitochondrial defects, predominantly in the brain and the heart [37, 38, 39] .
MnSOD activities change with different stages of cell proliferation and differentiation [40, 41, 42, 43] . In general, MnSOD levels are lower in undifferentiated cells, and increase as cells differentiate. High levels of MnSOD have been shown to increase cell doubling time, while reduced levels are associated with a shorter cell cycle [40, 41, 42, 44] . Consistent with the important role of MnSOD in cell differentiation and proliferation, an earlier study showed that a 50% MnSOD deficiency negatively impacted the generation of new neurons in the dentate gyrus of the hippocampus [45] . On the other hand, MnSOD mutant mice were more resistant to irradiation-induced reduction in hippocampal neurogenesis, and as a consequence, the mutant mice had a higher level of hippocampal neurogenesis when compared to the irradiated wild type controls [45] . The mechanism for this paradoxical 0non-responsiveness0 to irradiation was not clear, but may involve a type of adaptive response leading to reduced radiosensitivity, enhanced progenitor cell proliferation, enhanced survival of newborn neurons, or the combination of the above. The neurocognitive consequence of this preserved hippocampal neurogenesis was also not clear. The work reported here addresses if altering the redox environment, by means of reduced MnSOD levels, prior to irradiation therapy will change the dynamics of hippocampal neurogenesis and the associated cognitive functions following irradiation.
Materials and Methods

Ethics Statement
All animal procedures were reviewed and approved by the Subcommittee on Animal Studies (NIH assurance number A3088-01) at the VA Palo Alto Health Care System and in accordance with the PHS Policy on Humane Care and Use of Laboratory Animals.
Animals
Heterozygous Sod2 knockout (Sod22/+) and wild type (Sod2+/+) littermate controls were generated by crossing Sod22/+ with C57BL/6J mice. All mice were housed in a barrier facility with a 12-hour dark-light cycle, given food and water ad libitum, and maintained in microisolators with a constant temperature between 20uC and 26uC.
Cranial Irradiation
Two month old male Sod2+/+ and 2/+ mice were anesthetized (IP injection, 120 mg/kg ketamine and 5 mg/kg xylazine) and sham irradiated or irradiated with a dose of 5 Gy gamma irradiation using a Mark 1 Cesium Irradiator (J.L. Shepherd and Associates, San Fernando, CA) with an exposure rate of 71.4 cGy/minute. The bodies of the mice were shielded with a minimum of 5 cm lead in all directions with the exception of the head, which was exposed to the irradiation through the opening of the lead shield.
Bromodeoxyuridine Administration
To label proliferating cells, the thymidine analog 5-bromo-29-deoxyuridine (BrdU, Sigma, St Louis, MO) was prepared in PBS and administered (IP, 50 mg/kg) twice in one day with an eighthour interval (short-term), or once per day for 5 contiguous days (long-term) beginning one month after irradiation. To determine the number of proliferating cells in the subgranular zone (SGZ) of hippocampal dentate gyrus one month after irradiation, the shortterm protocol was implemented and animals were sacrificed 24 hrs after the first injection ( Figure 1A ). To assess long-term survival of newborn cells after behavioral studies, the long-term protocol was implemented one month after irradiation and animals were sacrificed 7 weeks after the final BrdU injection (Figure 2A ).
Cell Counting
The stereological counting principle of systematic, uniformly random sampling of sections was applied to determining the total number of BrdU positive (BrdU+) and doublecortin positive (Dcx+, cell marker for immature neurons) cells [46] . Mice were deeply anesthetized with ketamine and xylazine and perfused transcardially with 0.9% NaCl. Brains were removed and post fixed with 4% (w/v) PBS buffered paraformaldehyde for 48 hrs, and then immersed in 30% sucrose (in PBS) for cryoprotection. Forty-mm serial coronal sections encompassing the entire hippocampal formation were obtained with a sliding microtome (Leica SM 2000R, Leica, Mannheim, Germany). Free floating brain sections were stored in 1.5 mL Eppendorf tubes at 220uC in cryoprotective solution containing 0.01 M NaH 2 PO 4 , 30% glycerin, and 30% ethylene glycol.
For the detection of BrdU signals, brain sections were washed in Tris-buffered Tween solution (TBST) and then treated with 0.6% hydrogen peroxide and 0.1% Triton X-100 at room temperature (RT) for 30 min. To denature DNA, sections were treated with 3 M hydrochloric acid (HCl) at 37uC for 30 min. Sections were then incubated sequentially with a blocking solution containing 10% rabbit serum in TBST for 1 hr at RT, rat anti-BrdU (ab6326, 1:1000 diluted in blocking solution, Abcam PLC, Cambridge, MA) over night, and biotinylated rabbit anti-rat IgG (BA-4000, 1:1000, Vector Laboratories, Inc, Burlingame, CA). For the detection of doublecortin (goat anti-DCX, sc-8066, 1:300, Santa Cruz Biotechnology, CA), brain sections were washed in TBST and pretreated for 30 minutes with 0.1% Triton and 0.6% H 2 O 2 in TBST prior to incubating with primary antibody for 48 hrs at 4uC followed by biotinylated rabbit anti-goat IgG (BA-5000, 1:1000, Vector Laboratories). After one hour incubation with the secondary antibody at RT, sections were treated with the ABC kit (PK-4000, Vector Laboratories) for 30 min at RT according to the manufacturer's instruction. Diaminobenzidine (DAB, D5905, Sigma, St. Louis, MO) was used to identify BrdU+ or Dcx+ cells. Sections were mounted with Entellan (Electron Microscopy Sciences, Hatfield, PA) and stored at RT.
BrdU+ cells in the subgranular zone (SGZ) and the granular cell layer (GCL) of the dentate gyrus were quantified. Any positively stained cells appearing within 2 times the nuclear diameter away from the border of granule cell layer and hilus were considered as part of the SGZ, all other positively labeled cells in the dentate were considered as part of the GCL. To avoid over estimation, only BrdU signals that could be identified as constituting the middle cross-section of a nucleus were counted. Spot-like patterns from small patches of chromatin/chromosomes were not considered. Similar to BrdU analysis, Dcx+ cells were counted in the SGZ. To count BrdU+ and Dcx+ cells, the entire dentate gyrus (bilateral) of each brain section was photographed (Olympus Microscope, UPlan Apo, 10x/0.4) on an Olympus BX51 bright field light microscope connected to a SPOT FLEX TM camera (Diagnostic Instruments, Inc, Sterling Heights, MI). BrdU+ and Dcx+ cells were counted in one of every 6 th sections (8-10 slices total) of the hippocampal formation and the sum was multiplied by 6 to determine total number of BrdU+ and Dcx+ cells in the SGZ.
Cell Fate Decision
To determine cell fate decisions in the SGZ, triple immunofluorescence staining of BrdU/NeuN/GFAP was carried out. Brain sections were rinsed in TBST, incubated in 3 M HCl for 30 min at 37uC to allow DNA denaturation, and rinsed again in TBST. Sections were incubated simultaneously with rat anti-BrdU (1:1000), mouse anti-NeuN (MAB377, 1:500, Chemicon, Temecula, CA), and rabbit anti-GFAP (Z0334, 1:1000, DAKO, Carpinteria, CA) in TBST containing 10% goat serum overnight at 4uC followed by incubation with secondary antibodies (Alexa 555 goat anti-rat IgG, Alexa 488 goat anti-mouse IgG, and Alexa 647 goat anti-rabbit IgG, all at 1:500 dilution, Invitrogen, Carlsbad, CA), at RT for 1 hr. 
Golgi Staining
Due to different requirements for tissue processing, a subset of experimental animals was used for Golgi staining. Ninety minutes following completion of the behavioral tasks animals were deeply anesthetized with ketamine and xylazine and then sacrificed by cervical dislocation. Brains were removed and bisected down the midline. Half of each brain was dissected and used for western blot analyses. The other half was processed using the Modified GolgiCox staining kit (Weill Cornell Medical College, New York, NY). Briefly, tissues were immersed in Golgi stain solution for 7 days with an initial change of solution after the first 12 hours. Brains were then transferred to a 30% sucrose solution and incubated for 3 days at 4uC with the solution changed after the first 12 hours. Tissues were then embedded in a 3% agarose solution and cooled prior to slicing on a Leica VT 1200S vibratome (Leica Microsystems, Bannockburg, IL). Samples were sectioned at 125 mm and mounted with 0.3% gelatin. Mounted sections were then brushed with a 50% sucrose solution and allowed to air dry overnight in a dark place. Slides were then washed in ddH 2 O 3 times for 5 minutes each with gentle shaking, transferred to the Blackening Solution for 10 minutes, then washed again with ddH 2 O 3 times for 5 minutes each. Slides were dehydrated through graded ethanol solutions, cleared with xylene, and coverslipped using Permount. Representative images of secondary and tertiary projections from dentate granular neurons were acquired using a 100x objective lens with a Zeiss Axioimager D1 microscope (Carl Zeiss MicroImaging, GmBH Germany) and Hamamatsu Orca-ER (C4742-80) digital camera (Hamamatsu Photonics, Bridgewater, NJ, USA). Dendritic spines were counted and lengths of neurites were measured using Image J software. Only spines with clear neck and head structures were counted.
Measurements of Oxidative Stress
Lipid peroxidation and protein nitration were used as indices of oxidative stress in the hippocampus and were determined at 1 and 3 months following cranial irradiation in sham and irradiated Sod2+/+ and Sod22/+ mice. The advanced lipid peroxidation end product, stable 4-hydroxynonenal (4-HNE) adducts, was used as a measurement of lipid peroxidation; 3-nitrotyrosine (3-NT) was used to determine the level of protein nitration. Total tissue lysates from hippocampus were prepared at 10 mg/ml and 20 mg/ml for 4-HNE adducts and 3-NT immunoassays, respectively. The commercial 4-HNE adducts and 3-nitrotyrosine ELISA kits were used (Cell Biolabs, Inc., San Diego, CA) for the assays, and results were compared to standard curves established with HNE-BSA and nitrated BSA, respectively.
Western Blot Analyses
Protein levels of MnSOD, voltage-dependent anion channel (VDAC), and AP endonuclease 1 (APEX) in the hippocampus were determined by western blot analyses. VDAC is a mitochondria structural protein located in the outer membrane and the level of VDAC can be used to reflect the level of mitochondrial mass [47] . APEX is a dual function protein capable of repairing oxidative DNA damage (AP endonuclease function), and it also functions as a redox factor (Ref-1) to enhance the DNA binding capacity of a number of transcription factors [48] . Hippocampal tissues from each animal were homogenized individually (weight to volume ratio 1:10) in T-PER buffer (Thermo Scientific, Rockford, IL) containing CompleteH protease inhibitors and phosphatase inhibitors (Roche, Switzerland). Homogenized samples were centrifuged at 10,000x g at 4uC for 5 minutes, and the supernatants were stored in 20 ml aliquots at 280uC. Protein concentration of each sample was determined with a NanoVue spectrophotometer (GE Healthcare, Pittsburgh, PA).
Equal amounts of protein (70 mg) from each sample were separated by Mini-Protean TGX Any kD TM precast gel (Bio-Rad 456-9036) and transferred to nitrocellulose membranes. The following primary antibodies were used: MnSOD (rabbit polyclonal, 1:3,000 dilution, Stressgen, SOD-110), VDAC (rabbit polyclonal, 1:500 dilution, Abcam, ab15895), APEX (mouse monoclonal, 1:1,000 dilution, Novus, NB100-116). Protein bands were then identified using appropriate secondary antibodies (goat anti-mouse IR680, goat anti-mouse IR800, or goat anti-rabbit IR680, 1:20,000 dilution, Li-Cor Biosciences, Lincoln, Nebraska, USA) and visualized using an OdysseyH Infrared Imaging System (Li-Cor). All blots were re-probed with an antibody against b-actin (mouse monoclonal, 1:5,000 dilution, Sigma, A5060) as a loading control. Quantification of western blot results was performed by normalizing the signal intensity of each sample to that of b-actin. A common brain sample was also loaded in all gels to allow signal normalization across multiple membranes.
Behavioral Tests
Behavioral tests were started 10 days after the last BrdU injection ( Figure 2A ). The tests were carried out sequentially in the order described below and took five and half weeks to complete. Before the behavioral tests, each mouse was habituated to handling by lab personnel for 1 to 2 minutes each day for 3 or 4 days. Seventy% ethanol was used for cleaning and served as a mild olfactory cue in open field, elevated zero maze, and in the conditioning chamber of the contextual fear conditioning test; 4% acetic acid was used as the olfactory cue, following cleaning with water first, in the testing arena for novel object recognition, novel location recognition, and the cued conditioning chamber of the contextual fear conditioning test. Because 4% acetic acid had a strong scent, it also helped to mask residual odors left from previous trials. All behavioral studies were captured by a digital camera and the study results analyzed by TopScan Lite (CleverSys, Inc. Reston, VA), FreezeScan (CleverSys, Inc.), or by hand.
1) Open field. The open field arenas were constructed with white opaque high-density polyethylene plastic and each measured 45645645 cm. The entire box was cleaned with 70% alcohol between each test subject. Each mouse was placed into the arena from the middle of the North edge under dim light and allowed to explore the box for 10 min. The time spent in the center 50% area Figure 2 . Hippocampal-dependent learning and memory. A, experimental timeline. Cells were labeled with BrdU at 4 weeks after irradiation (1 injection per day65 days), evaluated for neurocognitive functions, and sacrificed after the completion of behavioral studies. B, novel location recognition task; comparison of time spent investigating an object in a familiar vs. a novel location. C, novel object recognition task; comparison of time spent investigating familiar objects vs. a novel object. D, radial-arm water maze; comparison of errors in arm entry in the beginning (block 1) vs. the end (block 10) of the test. E, radial-arm water maze; comparison of time spent finding the platform in the beginning (block 1) vs. the end (block 10) of the test. F, contextual fear condition; relative freezing to the baseline on day 1. G, cued conditioning; comparison of % time freezing in a novel environment during the pre-cue vs. the post-cue phase. P values from the Bonferroni post test are shown. ***, p,0.001. Data are presented as mean 6 SEM. Sample size (in the order of Sod2+/+/0 Gy, Sod2+/+/5 Gy, Sod22/+/0 Gy, and Sod22/+/5 Gy): n = 5, 6, 5, and 4 for novel location recognition; n = 13, 12, 8, and 9 for novel object recognition; n = 18, 18, 13, and 14 for radial-arm water maze and contextual fear tests. doi:10.1371/journal.pone.0049367.g002
(a virtual area defined by the software approximately 32632 cm 2 in the center of the open field) was used as an index of general anxiety levels. Total distance traveled and average velocities were measured to assess locomotor activities.
2) Novel object recognition. The novel object recognition task was completed as previously described [49] with minor changes. Twenty-four hours following the open field task, each mouse was habituated for ten minutes in an open field arena that contained three identical objects. Objects were place 15 cm from 3 of the 4 corners. Twenty-four hours later, animals were returned to the arena and allowed to investigate replica objects in three 10-minute trials. For each trial, the time spent exploring the objects was recorded. After the third trial, one of the familiar objects was replaced with a novel object and animals were returned and allowed to investigate for another 10 minutes. There were 5-minute intervals between all trials, which allowed for cleaning (water, followed by 4% acetic acid) of the arenas and replacing objects with replicas to remove any olfactory cues. Animals were returned to their home cages during this interval. The total time spent exploring all objects was compared between trails to determine the familiarization of each mouse with the objects. The percent time spent exploring the novel object during the final trial was calculated and compared to the amount of time spent investigating the familiar objects in order to assess novel object recognition. The percent time spent exploring the objects were then compared based on genotype and treatment.
3) Novel location recognition. The novel location recognition task was completed as previously described [49] with minor changes. This task was carried out in an open field arena with the addition of a large (21.5 cm628 cm) patterned visual cue on the South wall. Twenty-four hours following the open field task, each mouse was habituated to the arena with the visual cue and two identical objects for 10 min. Objects were placed parallel to each other 30 cm from the cue. Twenty-four hours later animals were returned to the arena and allowed to investigate replica objects and the same visual cue for three 10-minute trials. For each trial, the time spent exploring the objects was recorded. Following the third trial, one of the familiar objects was moved 10 cm away from the visual cue to evaluate hippocampal-dependent novel location recognition. The inter-trial intervals were 5 minutes each. The total time spent exploring all objects was compared between trails to determine the familiarization of each mouse with the objects. Percent time investigating Object 1 (object in the novel location) was expressed as a percentage of total time spent investigating all objects in trial 4. The percent time spent exploring the objects were then compared based on genotype and treatment.
4) Elevated zero maze. The zero maze was elevated 60 cm above the ground. The maze consisted of 4 equally sized quadrants with two opposing walled arms and two opposing open arms. The walls were 15 cm tall. The inner diameter of the circle was 50 cm and the outer diameter was 60 cm. This allowed for a 5-cm wide continuous circle. Mice were placed facing into closed quadrant 1 to begin the 5-min test period. The time spent in each of the four quadrants was measured and total time spent in open quadrants was used as indications of general anxiety. After mice were tested the chamber was cleaned with 70% ethanol and allowed to dry.
5) Radial-arm water maze. The radial-arm water maze is a hippocampal-dependent task which has been described at length in previous publications [50, 51] . A slight modification was applied in the current radial-arm water maze task. Briefly, the radial-arm water maze consists of a metal round tank (diameter, 168 cm; height, 56 cm; depth, 43 cm) filled with water (22uC) mixed with non-toxic white paint. Six V-shaped stainless steel inserts (height, 54 cm; length, 56 cm) were placed in the tank to produce six swim arms radiating from an open central area. A large visual cue (30 x 46 cm) with contrasting colors was placed on each of the north, south, east and west walls of the experimental area. A red, plastic platform (1268 cm) placed 1 cm above the surface of the water at the end of one arm (referred to as the ''goal arm'') was used as the visible platform; a clear transparent plastic platform (1268 cm) placed in the same goal arm at 0.5 cm below the surface of the water was used as the hidden platform. At the start of each trial, mice were released into one arm (referred to as the ''start arm'') facing the center of the maze. The start arm was changed in each trial in a pre-determined pseudorandom fashion. If a mouse did not locate the platform within 1 min, it was gently guided to the platform by the experimenter. Once a mouse found or was guided to the platform, it was left undisturbed on the platform for 15 s. Mice received a total of 15 trials on each of the training and test day, including two 30-min breaks following trials 6 and 12. During the break period, the mice were returned to their home cages. On the first day (training day), trial 1 to 12 alternated between visible and hidden platforms, while trial 13 to 15 used hidden platform only. On the second day (test day), mice were given 15 trials of the hidden platform test in the radial-arm water maze to assess their memory for the hidden platform location. Spatial learning and memory was measured by counting both the number of arm entry errors and time spent to find the platform for each trial. An arm entry error was objectively defined as an entry into one of the arms that did not contain the platform. Average arm entry errors and time spent finding the platform were calculated for blocks of three trials.
6) Fear conditioning. Fear conditioning was used to evaluate both hippocampal-dependent and hippocampus-independent learning and memory. Briefly, mice were placed into the conditioning chamber and allowed to explore for five minutes in order to habituate the animal to the environment and collect baseline freezing levels using FreezeScan (CleverSys, Inc). Operant conditioning chambers (26632621 cm) were housed in sound attenuating chambers (43.2645.7643.2 cm). All chambers were cleaned using a 70% ethanol solution before each session. After habituation, mice were then presented with a tone and cue light for 30 seconds (conditioned stimulus -CS). A mild foot shock (0.4 mA) was paired for the last 2 seconds of the tone/cue light presentation (unconditioned stimulus -US). The mice were then allowed to investigate the environment for an additional three minutes before being exposed to the CS-US pairing a second time. Thirty seconds after the second CS-US pairing, animals were removed to their home cages. Twenty four hours following their training session, animals were returned to the training chambers and allowed to investigate for 5 minutes. The hippocampaldependent contextual fear response was scored as a ratio of time spent freezing on day 2 relative to baseline freezing on day one in one minute bins. To test hippocampus-independent memory function, opaque, white floor and wall inserts were added to change the appearance of the conditioning chamber. Inserts were wiped with a 4% acetic acid solution to clean and change the olfactory cue. One hour following re-exposure to the conditioning chambers, animals were placed in the modified chambers and freezing behavior was scored for 3 minutes. Then the tone and cue lights were presented for 30 seconds without a pairing of the foot shock. Freezing behavior was measured during the three minutes following the CS in the new environment.
Statistical Analyses
All statistical analyses were completed using GraphPad Prism 4 (La Jolla, CA, USA). For the genotype (Sod2+/+ vs. Sod22/ +)6treatment (sham vs. irradiation) or treatment6time (before vs. post behavioral tests) analyses, two-way ANOVA with Bonferroni post test was carried out. For comparison among different experimental groups, one-way ANOVA with Tukey's post test was performed.
Results
Progenitor Cell Proliferation and Differentiation Before Behavioral Studies
To assess the extent of progenitor cell proliferation, the number of BrdU+ cells in the SGZ was determined following a short-term BrdU labeling protocol ( Figure 1A ) carried out at one month after irradiation. No significant difference in the number of BrdU+ cells in the SGZ was observed between sham irradiated Sod2+/+ and Sod22/+ mice (mean 6 SEM, 32346231 vs. 30616168), while significant suppression of progenitor cell proliferation was observed in both irradiated Sod2+/+ (32% reduction, t = 3.58, p,0.01) and Sod22/+ mice (23% reduction, t = 2.72, p,0.05) ( Figure 1B) . Additionally, the number of BrdU+ cells in the SGZ was not significantly different between the two irradiated groups (21886173 vs. 23586190).
In contrast, the number of immature neurons (Dcx+ cells) in sham irradiated Sod22/+ mice was 21% lower than that in sham irradiated Sod2+/+ mice (Sod2+/+ vs. Sod22/+; 1703661244 vs. 1343661159), although the difference did not reach statistical significance (Bonferroni post test, t = 2.11, p.0.05) ( Figure 1C) . Similar to the BrdU data, a 32% reduction (t = 3.43, p,0.01) in the number of immature neurons was observed in the irradiated Sod2+/+ mice ( Figure 1C ). However, no significant reduction in the number of Dcx+ cells was observed in irradiated Sod22/+ mice. Despite differences in the MnSOD level, the number of Dcx+ cells was not significantly different between irradiated Sod2+/+ and Sod22/+ mice (115456852 vs. 1163661322).
Anxiety and Motor Activities
Since anxiety can be a strong confounding factor in the outcome of learning and memory tests, open field and elevated zero maze studies were performed. Neither genotype nor irradiation had significant effects on anxiety-like behaviors seen in an open field test or elevated zero maze (data not shown). When given the opportunity to explore the elevated zero maze, animals spent 22-26% of the allotted 5 minutes in the open quadrants with no significant differences between genotype or treatment. In addition, all animals spent 13-14% of a 10-minute time period exploring in the center fifty percent area of the low-light open field arena (data not shown). Total distance traveled and average velocity also showed no significant differences between groups, indicating no impairment in locomotor activities (data not shown).
Hippocampal-dependent Learning and Memory Behaviors
1)
Novel location and novel object recognition. Irradiation significantly impaired the abilities of Sod2+/+ mice to determine when a familiar object had been moved to a novel location ( Figure 2B ). Sham irradiated Sod2+/+ mice were able to determine novel placement of a familiar object (t = 4.03, p,0.01), whereas their irradiated counterparts lost this ability (t = 1.02, p.0.05). However, both sham irradiated (t = 2.89, p,0.05) and irradiated Sod22/+ mice (t = 3.85, p,0.01) significantly increased investigation of the object in the novel location, suggesting that irradiation had no effects on Sod22/+ mice in spatial recognition. All groups were capable of discerning when a novel object replaced a familiar object (F (2,111) = 119.9, p,0.0001) ( Figure 2C ).
2) Radial-arm water maze. The number of errors in finding the platform were not significantly reduced in irradiated Sod2+/+ mice after 30 trials in the radial-arm water maze task (t = 0.51, p.0.05) ( Figure 2D ). In comparison, the number of errors (t = 2.87, p,0.05) and time (t = 5.40, p,0.001) in finding the platform was significantly reduced in sham irradiated Sod2+/+ mice. Similar results were observed in both sham irradiated and irradiated Sod22/+ mice in the number of errors (t = 2.70, p,0.05; t = 2.96, p,0.05) and time (t = 5.03, p,0.001; t = 4.81, p,0.001) in the radial-arm water maze task ( Figure 2D and 2E) .
3) Fear conditioning. When re-exposed to only the training environment for fear conditioning without presentation of the conditioned stimuli (tone and light cues), irradiated Sod2+/+ mice showed less relative freezing in the first minute (t = 2.65, p,0.05) compared to the sham irradiated Sod2+/+ mice ( Figure 2F ). In contrast, irradiated Sod22/+ mice maintained freezing at a similar level to their sham irradiated counterparts (t = 1.34, p.0.05) upon re-exposure to the training context. However, when the training environment was altered structurally in combination with an alternative olfactory cue (4% acetic acid), all animals showed significant freezing responses to the conditioned stimuli (F (1, 110) = 82.38, p,0.0001) ( Figure 2G ).
Long-term Survival of New Neurons after Behavioral Studies
To determine the level of neurogenesis following behavioral studies in the post irradiation environment, a long-term BrdU labeling protocol was carried out prior to the behavior tests, and the number of BrdU+, BrdU+/NeuN+, and BrdU+/GFAP+ cells in the SGZ were determined after the completion of behavioral studies (Figure 2A) . Even though the BrdU labeling procedures were different (short-term vs. long-term protocol), the BrdU pattern, in terms of effects of Sod2 genotype and irradiation, measured after the completion of behavioral studies was similar to that measured before behavioral studies ( Figure 1B ) and showed no significant difference in the number of BrdU+ cells between sham irradiated Sod2+/+ and Sod22/+ mice (14546156 vs. 12796101) ( Figure 3A ). Compared to sham irradiated controls, irradiated Sod2+/+ animals showed a 25% reduction in the number of BrdU+ cells following behavior studies; however, the difference was not statistically significant (t = 2.24, p.0.05). On the other hand, the number of BrdU+ cells in the SGZ of irradiated Sod22/+ mice was significantly reduced (40% reduction, t = 3.09, p,0.05) from that of sham irradiated Sod22/+ following behavioral studies ( Figure 3A) .
When the proportion of newborn neurons (BrdU+/NeuN+) and astroglia (BrdU+/GFAP+) were determined by double labeling (Figure 3B ), the number of new neurons in the SGZ of sham irradiated Sod22/+ mice was 77% that of sham irradiated Sod2+/ + (t = 1.76, p.0.05) ( Figure 3C ). Following behavioral studies, the number of BrdU+/NeuN+ cells in irradiated Sod2+/+ mice was 38% lower (t = 2.85, p,0.05) than that in sham irradiated Sod2+/ + controls. These results mirrored the level of Dcx+ cells determined before behavioral studies ( Figure 1C) , and suggested the same general response to MnSOD deficiency and irradiation in sham irradiated Sod22/+ and irradiated Sod2+/+, respectively. On the other hand, whereas there was only a 13% difference in the number of Dcx+ cells between sham irradiated and irradiated Sod22/+ mice before behavioral studies, there was a 41% reduction in the number of newly born neurons in irradiated Sod22/+ mice after behavioral studies (t = 2.39, p.0.05; unpaired t test, p = 0.0148). The data suggested a possible interaction between irradiation and behavioral training in the MnSOD deficient environment.
Although fewer BrdU+ cells in total were seen in irradiated Sod22/+ mice following behavioral studies, the relative cell fate distributions between neurons and astrocytes were not significantly changed ( Figure 3E and 3F) . The irradiated Sod2+/+ mice on the other hand, showed a significant decrease in the proportion of neurons generated (from 89% in sham irradiated to 75.5% of BrdU+ cells in irradiated Sod2+/+, t = 5.06, p,0.001) ( Figure 3E ) and an increase in the proportion of astrocytes generated (2.4-fold increase, t = 4.69, p,0.001) ( Figure 3F ). Two-way ANOVA analyses showed a significant interaction between genotype and treatment in the neuronal (F (1,16) 
Dendritic Spine Density
Dendritic spine densities were not significantly different between sham irradiated Sod2+/+ and Sod22/+ mice after behavioral studies. However, spine densities were significantly lowered in irradiated Sod2+/+ mice analyzed after behavioral studies (21% reduction, t = 2.98, p,0.05) ( Figure 4A and 4B) . In contrast, irradiated Sod22/+ mice showed no decrease in dendritic spine densities (t = 0.38, p.0.05) following behavioral studies when compared to sham irradiated Sod22/+ controls ( Figure 4B ). Twoway ANOVA analysis showed a significant genotype6treatment interaction (F (1,15) = 5.46, p = 0.0337) in the dendritic spine density.
Oxidative Stress
To determine if radiation-induced oxidative stress persisted at the time when the neurogenesis and behavioral studies were performed, levels of lipid peroxidation (4-HNE adducts) and protein nitration (3-NT) in hippocampus were determined in tissues collected before (i.e. at 3 months of age) and immediately after (i.e. at 5 months of age) behavioral studies. No significant differences in the levels of 4-HNE adducts and 3-NT were observed between sham and the corresponding irradiated cohorts within each genotype and experimental group. There were also no significant changes in the levels of 4-HNE adducts following behavioral training ( Figure 5A ). In contrast, a significant increase in 3-NT levels in sham irradiated Sod22/+ was observed following behavioral studies (t = 3.03, p,0.05) ( Figure 5B) ; however, the 3-NT levels stayed relatively stable in irradiated Sod22/+ following behavioral studies ( Figure 5B ).
Western Blot Analyses
No induction of MnSOD by irradiation or behavioral training was observed in both sham and irradiated Sod22/+ mice and the protein levels remained at 63-67% that of their corresponding Sod2+/+ controls ( Figure 5C ; quantification data not shown). MnSOD deficiency and irradiation also did not lead to significant changes of another mitochondrial protein, VDAC ( Figure 5D ). However, when looking at the relative changes in VDAC protein levels in samples collected before and after behavioral studies, the dynamics were different between sham and irradiated Sod22/+ mice ( Figure 5D ). Whereas the protein levels in sham irradiated Sod22/+ remained at 94-95% that of sham irradiated Sod2+/+, average VDAC protein levels in irradiated Sod22/+ went from 87% to 107% of that in irradiated Sod2+/+ following behavioral studies (t = 2.57, p,0.05) ( Figure 5D ). Protein levels of APEX were not affected by Sod2 genotype or irradiation, and the levels in sham and irradiated Sod22/+ were measured at 94-100% of their corresponding Sod2+/+ controls before and following behavioral studies (data not shown).
Discussion
In this report we showed that a 50% reduction in MnSOD altered baseline hippocampal neurogenesis and the response of these newly born cells to cranial irradiation in Sod22/+ mice. Even though irradiated Sod22/+ mice had a marked reduction in the number of new neurons following behavioral studies, these mice were able to maintain a similar level of performance as sham irradiated Sod22/+ mice in studies designed to test the hippocampal-dependent functions of learning and memory. The ability to maintain normal dendritic spine densities in the dentate gyrus granule cells may be the key to unimpeded cognitive functions in Sod22/+ mice following cranial irradiation.
Previous studies of hippocampal neurogenesis looking at longterm survival of newborn cells in the SGZ without the influence of behavioral tests showed a comparable number of BrdU+ cells and a roughly 33% reduction in newborn neurons in sham irradiated Sod22/+ mice when compared to sham irradiated Sod2+/+ controls [45] . The study also showed a marked reduction in the number of BrdU+ cells and newly born neurons in irradiated Sod2+/+, but the numbers did not change significantly in irradiated Sod22/+ mice [45] . In this follow-up study, we looked upstream in the experimental timeline ( Figure 1 ) to determine if differences in progenitor cell proliferation and differentiation, or differences in the long-term survival of newly generated cells, dictated differences in the number of new neurons between Sod2+/ + and Sod22/+ and between sham and irradiated groups observed at 4 months of age. Comparison of these two studies, taken with the caveats that these data were generated from two separate experiments and the counting criteria may not be identical, the results showed a consistent pattern in the effects of MnSOD deficiency, as well as the interaction between MnSOD deficiency and irradiation, on differentiation and long-term survival of newborn neurons.
First, MnSOD deficiency created a less favorable environment for neuronal differentiation ( Figure 1C ) without affecting progenitor cell proliferation ( Figure 1B) . Consequently, reduced numbers of immature neurons ( Figure 1C ) were observed in sham irradiated Sod22/+ mice even though the level of progenitor cell proliferation ( Figure 1B ) was comparable to that of sham irradiated Sod2+/+ controls. In the next 4 weeks, a subpopulation of cells identified at that stage was expected to go through the maturation process, with the majority of them showing characteristics of mature neurons, i.e. BrdU+/NeuN+ ( Figure 1A ). Consistent with the differentiation timeline, the relative number of new neurons (BrdU+/NeuN+) identified at four months of age [45] mirrored that of Dcx+ cells identified at three months of age in sham irradiated Sod2+/+ and Sod22/+ mice ( Figure 1C ). This comparison also suggested that MnSOD deficiency probably did not affect long-term survival of newly generated neurons. Second, MnSOD deficiency modified the response to irradiation and created a post irradiation neurogenic environment that was at least as favorable as its sham irradiated counterpart for the generation ( Figure 1C ) and long-term survival of new neurons [45] . The irradiated Sod2+/+ environment, in comparison, was less favorable for long-term survival of new neurons, and consequently, there was a disproportional decrease in BrdU+/NeuN+ cells at four months of age [45] .
We previously showed that, similar to Sod22/+ mice, irradiated mutant mice deficient in the extracellular superoxide dismutase (EC-SOD KO) were able to maintain the same level of neurogenesis as sham irradiated controls [16] . In addition, irradiated EC-SOD KO mice also performed well in behavioral studies designed to test hippocampal-dependent functions of learning and memory [49] . However, it was not clear if preserved neurogenesis in irradiated Sod22/+ mice ( [45] and Figure 1C ) reflected unimpeded cognitive functions following irradiation. Three hippocampal-dependent spatial learning tests, novel location recognition, radial-arm water maze, and contextual fear conditioning, were performed and the results consistently showed defects in spatial recognition in irradiated Sod2+/+ mice, but not in irradiated Sod22/+. The data suggest that similar to EC-SOD KO mice, preserved neurogenesis in Sod22/+ mice after irradiation also correlates positively to intact cognitive functions. Similar to the previous study, non-hippocampal-dependent functions were not affected by irradiation and all experimental groups performed equally well in novel object recognition and cued conditioning tests ( Figure 2C and 2G) .
Physical exercise and novel environments have been shown to stimulate or suppress neurogenesis, depending on whether animals regard the treatment as a form of stimulation or a source of anxiety [52, 53, 54, 55] . In this study, hippocampal neurogenesis was assessed after the completion of behavioral studies. Compared to the relative levels of BrdU+ and Dcx+ cells between Sod2+/+ and 2/+ mice at 3 months of age ( Figure 1B and 1C) , as well as data generated from the previous study without behavioral tests [45] , there appeared to be a disproportional reduction in BrdU+ and BrdU+/NeuN+ cells in irradiated Sod22/+ mice after the behavioral studies (41% reduction, Figure 3A and 3C). It was possible that, although irradiated Sod22/+ mice performed well in the hippocampal-dependent tasks, the protracted behavioral training and testing imposed more stress on this group of mice. Previous studies suggested that irradiated or more oxidized environment reduced progenitor cell differentiation towards the neuronal lineage and instead, the environment favored the glial lineage [11, 16, 18] . Although not all comparisons reached statis- tically significant levels, irradiation and MnSOD deficiency drove the population of newborn neurons from 89% of total BrdU+ cells in sham irradiated Sod2+/+ mice to 75.5% and 83.5% in irradiated Sod2+/+ and sham irradiated Sod22/+, respectively ( Figure 3E ). At the same time, the population of new astroglia changed from 8.6% of total BrdU+ cells in sham irradiated Sod2+/ + to 20.9% of that in irradiated Sod2+/+ mice ( Figure 3F ). In contrast, irradiated Sod22/+ mice did not show a significant change from sham irradiated Sod22/+ in the percentage of BrdU+/NeuN+ and BrdU+/GFAP+ populations ( Figures 3E and  3F ). These data suggest that the neurogenic environment in irradiated Sod22/+ mice may have been altered to counter the negative effects of radiation on neuronal cell differentiation.
In this study, irradiated Sod2+/+ mice had a significant reduction in neurogenesis, and in parallel, showed deficits in spatial learning (Figure 2 ). In contrast, irradiated Sod22/+ mice performed equally well as sham irradiated Sod2+/+ mice in all three learning and memory tests, even though the level of BrdU+/ NeuN+ cells in irradiated Sod22/+ was significantly lower than that in sham irradiated Sod2+/+ mice (one-way ANOVA with Tukey's post test, p,0.01) at the end of behavioral studies ( Figure 3C ). Suppression of hippocampal neurogenesis can lead to deficits in hippocampal-dependent functions of learning and Figure 5 . Redox state and mitochondrial mass. Levels of the advanced lipid peroxidation end product, 4-hydroxynonenal (4-HNE) adducts, (A) and protein nitration product 3-nitrotyrosine (3-NT) (B) were determined by ELISA to monitor the extent of oxidative stress in the hippocampus at 3 months and 5 months of age after a single dose of cranial irradiation (see timeline in Figure 3A ). C, a representative western blot image from samples collected following behavioral studies showing APEX, VDAC, and MnSOD. D, relative protein levels of VDAC in the Sod22/+ cohorts. In order to compare changes in 4-HNE, 3-NT, and VDAC levels in sham and irradiated Sod22/+ from two different experimental stages -at 3 months of age before behavioral studies and at 5 months of age after behavioral studies -levels in Sod22/+ mice were calculated as a percentage of their corresponding Sod2+/+ controls. Two-way ANOVA with Bonferroni post test was carried out. P values indicate Bonferroni post test results. There was no treatment6time interaction. Data are presented as mean 6 SEM. Sample size: n = 5 each at 3 months of age, and 4 each at 5 months of age for sham and irradiated Sod22/+. doi:10.1371/journal.pone.0049367.g005 memory, whereas increased neurogenesis can lead to enhanced cognitive functions [12, 51, 56, 57] . However, there is not a strict correlation [58, 59, 60] because memory encoding is not limited to new neurons [9] and other factors, such as synaptic maintenance and synaptic plasticity, are at least equally, if not more, important in learning and memory [61] . Dendritic spines constitute the postsynaptic element of most excitatory synapses and mediate the majority of excitatory connections in the brain. Stable synaptic maintenance and connectivity are important for learning and memory [62, 63] . Loss of dendritic spines is an early event in mouse models of Alzheimer disease, and it correlates with synaptic loss and deficits in learning and memory [64, 65] . Irradiation and oxidative stress have also been shown to cause reduced dendritic spine densities in vitro and in vivo [66, 67, 68, 69, 70] . Consistent with the function of dendritic spines, irradiated Sod2+/+ mice showed defects in spatial learning and a significant reduction in dendritic spine densities in the dentate granule cells. At the same time, irradiated Sod22/+ mice showed normal spatial learning and in parallel, there was no reduction in dendritic spine densities in this group of mice. Taken together, the data suggest that cognitive deficits in irradiated Sod2+/+ mice may have been caused by reduction in both neurogenesis and dendritic spine densities. On the other hand, in spite of lower number of new neurons at the end of behavioral studies, irradiated Sod22/+ mice showed normal spatial learning, and this was probably due to a functional compensation from normal dendritic spine densities. The data also suggested that, under normal conditions, MnSOD deficiency did not lead to a reduction in dendritic spine density in dentate granule cells at least up to 5 months of age.
How MnSOD deficient mice managed to maintain normal dendritic spine density as well as normal cognitive function following irradiation is not fully understood at this time. Dendritic spine formation is normally controlled by multiple pathways [71, 72, 73, 74, 75, 76] , and a recent study implicates an important connection between mitochondria and the TIAM1-Rac1GTP signaling pathway, which appears to be sensitive to oxygen free radicals [77] . Given the relationship between irradiation, MnSOD, and oxidative stress, altered redox state in the hippocampal environment may be an important confounding factor. Examination of the stable end products of lipid peroxidation and protein nitration, as a function of the hippocampal redox environment, showed no significant differences between sham and the corresponding irradiated cohorts (Figures 5A and 5B) . However, the level of protein nitration increased significantly in sham irradiated Sod22/+ mice but stayed relatively stable in irradiated Sod22/+ following behavioral studies ( Figure 5B ). Higher levels of protein nitration suggest that there may be more production of peroxynitrite (ONOO 2 ), which is the end product of NO and superoxide (O 2 2 ) [78] . Given that increased NO production is tightly linked to spatial learning [79, 80] , higher levels of protein nitration in sham irradiated Sod22/+ mice following behavioral studies implies that there may be more ONOO 2 production under a MnSOD deficient environment. How irradiated Sod22/+ mice managed to prevent increase in protein nitration was not clear, but it was probably not because of an upregulation of antioxidant enzymes. An earlier study showed no changes in major antioxidant enzymes in irradiated Sod22/+ mice at the time hippocampal neurogenesis was examined [45] . Consistent with that finding, no significant changes in MnSOD and APEX protein levels was observed in this study ( Figure 5C ).
In addition to the redox environment, mitochondrial oxidative phosphorylation is important for normal neuronal functions, including axonal transport and neurotransmitter release [81] . A positive correlation between the number of dendritic mitochondria and the number of synapses has also been reported [75] . The dynamic change in VDAC protein levels in irradiated Sod22/+ mice ( Figure 5D ) suggested that there might be a parallel change in mitochondrial mass since VDAC was an integral part of mitochondrial structure. It was possible that the ability to dynamically adjust mitochondrial structural proteins in response to outside stimuli supported the normal maintenance of dendritic spine densities in irradiated Sod22/+ mice. Consequently, irradiated Sod22/+ mice were able to perform normally in behavioral studies designed to test hippocampal-dependent functions of learning and memory.
In summary, our studies showed that there may be a dynamic change in mitochondrial biogenesis in response to MnSOD deficiency, irradiation, and behavioral training, which collectively, led to a well-maintained dendritic system and unimpeded cognitive functions in spite of reduced generation of new neurons in the hippocampus of irradiated Sod22/+ mice. The mechanism leading to dynamic changes of mitochondrial biogenesis in this experimental system is not clear and will require additional study in the future. Given the importance of mitochondria in neuronal functions and synaptic plasticities and the importance of MnSOD in the maintenance of mitochondrial functions and structural integrity, understanding how alterations in MnSOD affect hippocampal neurogenesis and dendritic maintenance, especially in the post-irradiation period, should provide a handle on how to manage the late effects of cranial irradiation and minimize the associated cognitive deficits.
